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INTRODUCTION
strains with a deletion of either fliC, encoding the major flagellin subunit (Fig. 2B ), or flhDC, 140 encoding the master regulator of flagella synthesis (Fig. S1 ). Instead, surface motility involved 141 fimbriae: deletion of fimA, the major component of type 1 fimbriae, abolished the oscillatory 142 pattern and reduced, but did not eliminate, surface motility (Fig. 2B ). Type 1 fimbriae bind 143 mannose-containing glycoproteins or glycolipids, and agglutinate yeast (23, 25) . Consistent with 144 the presence of mannose-binding type 1 fimbriae, W3110-LR agglutinated yeast, and mannose 145 prevented agglutination ( Fig 2C) . 146 Phase variation controls fimbriae synthesis in E. coli, and we examined the structure of 147 the promoter region of the fim gene cluster (26). In the phase ON orientation, the promoter 148 transcribes the fim genes, while in the phase OFF orientation, the promoter directs transcription 149 in the opposite direction ( Fig. 2E ). Two recombinases control the orientation of the fimS switch 150 region: the FimB recombinase can change the orientation of fimS into either direction, with a bias 151 to phase OFF; whereas the more active FimE recombinase favors the phase OFF orientation. A 152 culture will contain a mixture of cells in the phase ON and OFF orientation, which PCR analysis 153 can determine: in the phase ON orientation, primers 1 and 2 produce an 884 bp fragment, 154 8 whereas in the phase OFF orientation, primers 2 and 3 produce a 394 bp fragment ( Fig. 2E) . 155 Unexpectedly, the size of the smaller phase OFF fragment was larger than expected in W3110- 156 LR compared to that in MG1655 (Fig. 2D ). Sequence analysis of the fim switch region in 157 W3110-LR showed the insertion of an IS1 element in codon 114 of fimE. This insertion may 158 contribute to W3110-LR's distinctive motility pattern and relative phenotypic stability. 159 We tested whether the residual surface motility of W3110-LR ΔfliC ΔfimA, which lacks 160 flagella and type 1 fimbriae, results from the contribution of fimbriae other than type 1 to surface 161 motility (25). Deletions of genes for sfmA, ycbQ, ydeT, yraH, yhcA, yadN, yehD, ybgD, yfcO, 162 yqiG, or csgA into W3110-LR ΔfliC ΔfimA did not alter the extent of surface motility ( Fig S2A) , 163 although the pattern of motility appeared to be somewhat different in some of the triple mutants 164 ( Fig S2B) .
166
Fimbriae-versus flagella-dependent motility. 167 One explanation for the NPEC-F strains and the faster derivatives of the NPEC-S strains 168 is that their movement employs flagella. Several mutations can stimulate expression of flhDC, 169 which specifies the master regulator of flagella synthesis, including insertions in the promoter 170 region of the flhDC operon (27) (28) (29) . Such an insertion increased flhDC expression 2.7-fold and 171 resulted in 32-fold and 65-fold increases in fliA and flhB expression, respectively (29).
172
We determined the size of the flhDC promoter region of W3110-LR after PCR 173 amplification from a plate with slow-and fast-moving sectors (Fig. 3A) . The flhDC region was 174 much larger from faster cells (Fig. 3B , lane 4) than from the overnight starter culture ( Fig. 3B , 175 lane 1) and from cells of the slower moving regions (Fig. 3B, lanes 2 and 3) . More generally, the 176 flhDC region was larger in all NPEC-F strains compared to the NPEC-S strains ( Fig 3C) . We 177 9 sequenced the PCR products from the amplified flhDC region of several NPEC-F strains. One set 178 of NPEC-F strains -W3110-CGS, RA2000, and one faster derivative of W3110-LRhad an 179 IS5 element 252 base pairs upstream from the flhDC transcription start site. A second set of 180 NPEC-F strains -K-12, RP437, MG1655, and a second faster derivative of W3110-LRhad 181 an IS1 element 106 base pairs upstream from the flhDC transcriptional start.
182
These results suggest that the NPEC-F strains had flagella-dominant movement, while the 183 slower NPEC-S strains had fimbriae-dominant movement. Consistent with this conclusion, loss 184 of fliC had little or no effect on the slower C600 and BW25113, but impaired movement of all 185 the NPEC-F strains and converted them to derivatives that moved like the NPEC-S strains (Figs 186 4 and S3). Conversely, loss of fimA impaired movement of the NPEC-S strains but had no effect 187 on the NPEC-F strains (Fig. 4 ). Deletion of both fliC and fimA eliminated movement for all 188 strains, except W3110-LR (Figs. 2B, 4, and S3). In summary, the NPEC-S strains had fimbriae-189 dominant motility, the NPEC-F strains had flagella-dominant motility, and the latter can be 190 derived from the former. 191 We speculated that fimbriae and flagella synthesis might be reciprocally regulated, as has 192 been shown in Salmonella enterica (30). Therefore, we expressed regulators of flagella and 193 fimbriae synthesis on a plasmid and observed the effects on surface motility. Expression of 194 FlhDC, the master regulator of flagella synthesis, from a plasmid converted W3110-LR to a fast-195 moving derivative (Fig. S1 ). The transcriptional regulator FliZ is required for flagella synthesis.
196
FliZ expression from a plasmid inhibited the fimbriae-dominant movement of W3110-LR but 197 was insufficient to convert W3110-LR to a fast-moving strain (Fig. 5A ). The transcriptional 198 regulator FimZ is required for fimbriae synthesis in S. enterica (31). fimZ expression from a 199 plasmid impaired movement of two NPEC-F strains, MG1655 and W3110-LR PM72 ( Fig 5B) . 200 Interestingly, fimZ overexpression converted W3110-LR PM72 movement to the ringed pattern 201 of the parental W3110-LR strain (Fig. 5B ). The results suggest that type 1 fimbriae and flagella 202 synthesis are reciprocally regulated.
204
Surface motility in UPEC strains 205 We examined the motility of three UPEC strains: UTI89, PNK_004, and PNK_006.
206
UTI89 is a well-studied model UPEC organism, while the other two strains were isolated from 207 postmenopausal women with rUTIs. All three UPEC strains exhibited surface motility similar to 208 that of the NPEC-F strains ( Fig. 6 ). For all three strains, loss of flagella substantially reduced 209 motility ( Fig. 6 ). For the well-studied UTI89, loss of FimA had little effect on surface motility, 210 and loss of both FimA and FliC eliminated motility (Fig. 6A ). The flhDC promoter region of 211 these strains was sequenced after PCR amplification and shown to lack insertion elements. About 212 75% of UPEC strains are in group B2 of the Clermont classification scheme (32, 33), but the 213 strains in this study-UTI89, PNK_004, and PNK_006-were in groups B2, D, and A, 214 respectively. Although the NPEC-S strains and PNK_006 are in the same clade, they have 215 different types of surface motility, which indicates that membership in a specific group cannot 216 account for the difference in surface motility.
218
Glucose and cAMP control of flagella synthesis and motility 219 The three motility strain types -NPEC-S, NPEC-F, and UPEC strainscan move on a 220 surface with glucose in the medium. Such movement is unexpected for flagella-dependent 221 motility, since glucose should prevent flagella synthesis, which requires cAMP. We examined 222 the effect of glucose on swimming motility, which absolutely requires flagella, as a measure of 223 glucose control of flagella synthesis. Without glucose, four NPEC-S strains -W3110-LR, 224 BW25113, AW405, and C600swam well and penetrated 0.25% agar ( Fig. 7A ). However, 225 with glucose, these strains did not penetrate 0.25% agar, but instead moved on the surface (Fig. 226 7A). With or without glucose, three NPEC-F strains -MG1655, W3110-GSC, and RP437 -227 swam into 0.25% agar (Fig. 7B ). Gas bubbles were readily apparent for MG1655 and RP437 in 228 glucose-containing agar, which probably resulted from glucose metabolism: the gas bubbles will 229 form only if the bacteria penetrate into the agar. Curiously, W3110-GSC entered the agar and 230 swam, but did not produce gas bubbles. Like the NPEC-F strains, the three UPEC strains swam 231 into 0.25% agar with and without glucose, and gas bubble formation was readily apparent in 232 glucose-containing agar ( Fig. 7C ).
233
We then examined the effect of loss of cAMP on swimming and surface motility. For the Electron microscopic images were taken of cells directly removed from surface motility 247 plates, and the electron microscopy confirmed the genetic results. For the NPEC-S strain 248 W3110-LR, fimbriae were readily apparent, and none of the hundreds of cells observed 249 expressed flagella ( Fig. 9) . A mixed population of elongated (3-4 µm) and non-elongated (<2 250 µm) cells were visible, and fimbriae were mostly associated with elongated cells (not shown).
251
Cells of the NPEC-F strain MG1655 were flagellated ( Fig. 9 ), which is consistent with more 252 rapid, flagella-dominant surface motility (Fig. 4 ). Cells of a MG1655 fliC mutant lacked 253 flagella but possessed fimbriae ( Fig. 9 ) which is consistent with their slower surface motility 254 ( Fig. 4) . Cells of the pathogenic strains UTI89 and PNK_006 were also flagellated, which is 255 consistent with their rapid flagella-dominant surface motility (Figs 6C and 9). Cells of a UTI89 256 cyaA mutant lacked flagella and fimbriae ( Fig. 9 ), which is consistent with its defective surface 257 motility. From these results and those in the previous section, we conclude that cAMP controls 258 flagella synthesis in UTI89. W3110-LR fliC fimA lacked an observable appendage ( Fig. 9 ), 259 but still possesses weak surface motility (Fig. 2B ). The results from two previous studies are consistent with fimbriae-dependent surface 268 motility for some strains of E. coli. One study convincingly showed that a slow-moving strain of 269 13 MG1655 (the version from the E. coli Genetic Stock Center moves rapidly) required type 1 270 fimbriae (16). The other study analyzed the surface motility of Keio collection strains -271 derivatives of the NPEC-S strain BW25113-that contain deletions of most non-essential genes 272 (17). Deletion of type 1 fimbriae genes impaired surface motility. But instead of concluding that 273 fimbriae were required for surface motility, it was proposed that fim gene expression was 274 required for flagella synthesis. The first problem with this conclusion is that available evidence 275 supports a reciprocal relationship between fimbriae and flagella expression ( Fig. 5) (30, 34) . The 276 second problem with this conclusion is that the parental strain that was used for comparison,
277
W3110, was not isogenic with BW25113. If W3110 was from the E. coli Genetic Stock Center, 278 then it is an NPEC-F strain because of an insertion in the flhDC regulatory region (Fig. 1) . In 279 contrast, the insertion-free BW25113 has fimbriae-mediated motility (Fig. 4) . simplest explanation for the former is that the insertion bypasses the cAMP requirement for 285 flhDC expression, but that glucose still controls cAMP synthesis. For the UPEC strains, a 286 different mechanism must account for glucose insensitivity, since these strains do not have an 287 insertion in the flhDC region, and cAMP still controls flagella synthesis, at least in UTI89. We 288 suggest that glucose does not control cAMP synthesis in these strains. The basis for such 289 dysregulation is currently under study.
291
The mechanism of fimbriae-mediated motility.
14
Fimbriae-mediated motility is called twitching and has been extensively studied in 293 Pseudomonas aeruginosa. Such movement requires type IV pili (35). Instead, we showed that 294 NPEC-S strains use type 1 fimbriae for surface motility. Type 1 fimbriae are normally associated 295 with adhesion to mannose-containing glycoproteins or glycolipids (36). Since agar is made of 296 galactose in various forms, fimbriae should not bind tightly to the surface of the motility plate. The function of surface motility during uropathogenesis. 307 Under the conditions of our assays, the UPEC strains expressed flagella. In contrast, 308 bacteria isolated from the urine of UTI patients generally express fimbriae (39). However, 309 another study suggests that urine decreases the function and expression of type 1 fimbriae (40). 310 In any case, fimbriae must be present for the attachment and invasion of epithelial cells (23). 311 Urea is one factor that can induce fimbriae synthesis, which may explain the presence of (42). If the mannose residues are not highly exposed, then fimbriated bacteria may move until a 316 region is reached that has exposed mannose. Once bound, fimbriae binding and expression 317 increase (38, 43) . If this sequence of events occurs, then fimbriae-mediated motility could help 318 establish some infections. Southwestern Medical School from patients suffering from recurrent urinary tract infections (6).
346
When constructing the mutant strains, an antibiotic resistance gene replaced the gene of interest.
347
The marked allele was transferred into the appropriate recipient by P1 transduction (46), and the 348 antibiotic gene was removed using the plasmid pCP20, as previously described (47).
349

Media and growth conditions 350
For growth on solid medium, strains were streaked on LB agar plates (10 g/l tryptone, 5 351 g/l yeast extract, 5 g/l NaCl, 15 g/l Difco agar) and incubated at 37ºC for 15 h. Except for 352 motility assays, bacteria were grown in LB broth at 37º C with aeration (250 rpm) for 12 h. For 353 mutants that are km r , 25 µg ml -1 kanamycin was added to the medium. For surface motility and 354 swim assays, a single colony from an LB plate was inoculated into liquid motility medium (1% 355 tryptone, 0.25% NaCl, 0.5% glucose) and allowed to grow for 6 h prior to inoculation.
356
Motility Assays
357
Surface motility: Bacterial strains were streaked on LB and after overnight growth a 358 single colony was inoculated in 1 ml of the liquid swarm medium and incubated at 37º C for 6 h 359 with aeration. Surface motility plates (1% tryptone, 0.25% NaCl, 0.5% glucose, 0.45% Eiken 360 agar) were allowed to dry at room temperature for 4-5 h after pouring. One microliter from the 6 361 h culture was inoculated on to the center of the surface motility plate. Plates were placed in a 362 humid incubator set at 33º C for nonpathogenic strains or at 37ºC for UPEC strains, and surface 363 motility was documented at 36 h. Assays for the nonpathogenic strains were conducted at 33º C 364 because of less variability than at 37º C. The source of the variability was when movement 365 started.
366
Swimming motility: Bacterial strains were streaked on LB, and a single colony was 367 inoculated into 1 ml of liquid swarm medium and allowed to grow for 6 h. Swim plates (1% 368 tryptone, 0.25% NaCl, 0.25% Eiken agar) were stab inoculated at the center with 1 µl from the 6 369 h culture, incubated at 33º C for 16 h in a humid incubator.
370
Determination of the orientation of fimbrial promoter containing invertible region 371 The orientation of the invertible DNA fragment containing the fimA promoter was 372 determined using a PCR-based method. The region containing the fim invertible region and 373 adjacent genes was PCR amplified using 3 primers: primer 1 is 5'-374 CCGCGATGCTTTCCTCTATG-3'; primer 2 is 5'-TAATGACGCCCTGAAATTGC-3'; and 375 primer 3 is 5'-TGCTAACTGGAAAGGCGCTG-3' (shown schematically in Fig. 2E ). For one 376 strain, two separate PCR reactions were conducted: one with primers 1 and 2, and the other with 377 primers 1 and 3. The cells in the phase ON and OFF orientations gave bands of 884 and 394 bp, 378 respectively ( Fig. 2E) . Multiple PCRs from different colonies of the same strain were performed.
379
Electron microscopy 380 Cells from surface motility plates were collected and fixed with 2.5% glutaraldehyde.
381
Bacteria were allowed to absorb onto Foamvar carbon coated copper grids for 1 min. Grids were 382 washed with distilled water and stained with 1% phosphotungstic acid for 30 s. Samples were 383 viewed on a JEOL 1200 EX transmission electron microscope at the UT Southwestern Medical 384 Center.
385
Agglutination assay 386 The ability for type 1 fimbriae to agglutinate yeast cells was assessed as previously 
